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Electrons in a Dirac semimetals possess linear dispersion in all three spatial dimensions, and form
part of a developing platform of novel quantum materials. Bi1−xSbx supports a three-dimensional
Dirac cone at the Sb-induced band inversion point. Nanoscale phase-sensitive junction technology
is used to induce superconductivity in this Dirac semimetal. Radio frequency irradiation experi-
ments reveal a significant contribution of 4pi-periodic Andreev bound states to the supercurrent in
Nb-Bi0.97Sb0.03-Nb Josephson junctions. The conditions for a substantial 4pi contribution to the
supercurrent are favourable because of the Dirac cone’s topological protection against backscatter-
ing, providing very broad transmission resonances. The large g-factor of the Zeeman effect from a
magnetic field applied in the plane of the junction, allows tuning of the Josephson junctions from 0
to pi regimes.
The concept of the band structure topology of solids
has recently been extended from topological insulators
to metallic systems. Whereas topological insulators are
characterized by conducting surface or edge states and
an insulating bulk possessing a semiconducting band gap,
there is no band gap in the topological Dirac and Weyl
semimetals. Rather, the bulk band structure shows a
linear dispersion in all three k-directions, with a locking
between the electron momentum and its spin (or orbit).
By breaking time-reversal or inversion symmetry, the de-
generate Dirac cone of such a semimetal can be split
in reciprocal space to yield non-degenerate Weyl cones
with opposite chiralities. Examples of Dirac semimetals
(DSM) include Na3Bi [1], Cd3As2 [2, 3], and Bi1−xSbx
[4].
A topological material can be combined with a su-
perconductor so as to give topological superconductivity
[5]. The interest in topological superconductors is largely
given by the wish to combine the inherent electron-hole
symmetry of the excitations in a superconductor with
the helical nature of the electronic states in topological
materials so as to form Majorana zero-energy states [6].
The expected non-abelian statistics displayed by these
zero modes should provide a way of performing topo-
logical quantum computation by braiding [7]. Platforms
in which (signatures of) Majorana modes have been ob-
served are semiconductors with Rashba spin-orbit inter-
action [8, 9], ferromagnetic atom chains [10], and topo-
logical insulators [11, 12], all in combination with super-
conductors.
First signatures of superconductivity in Dirac semimet-
als have been reported, e.g. by applying pressure [13] or
by using point contacts [14, 15], but topological aspects of
Dirac semimetal superconductivity have not been stud-
ied. Here, we report on the realization of proximity in-
duced superconductivity into a Dirac semimetal, and we
reveal a significant contribution of 4pi-periodic Andreev
bound states to the supercurrent, made possible by the
electron spin-momentum locking in the Dirac cone.
In a Josephson junction with a conducting interlayer,
the supercurrent is carried by electron-hole bound states,
as sketched in Fig. 1. The energy of these Andreev
bound states is a function of the superconducting phase
difference between the electrodes. In order to have the
bound state crossing zero energy (a Majorana mode),
100% probability of Andreev reflection is required. This
seemingly unattainable condition is, in fact, guaranteed
by the topological protection against backscattering in
the DSM interlayer material. The electron cannot scat-
ter back from the superconductor as an electron since
these opposite-moving electron states in the Dirac cone
are quantum mechanically orthogonal. The Dirac cone
in the DSM is degenerate, but despite this, the electron
still cannot scatter between cones due to orthogonality
(see Supplementary Information for a full Bogoliubov-de
Gennes model). However, the protected back scattering
picture described above breaks down when scattering un-
der a finite angle is considered [6], leading to a gap (Egap)
opening up around E = 0 in the bound state spectrum,
as can be seen in Fig. 1c. The gap closes again at propa-
gation directions for which the normal state transmission
through the device shows a resonance (Fig. 1d) [16]. For
details, see Supplementary Information. Note, that the
Majorana zero mode can only be detected by its tell-tale
4pi periodic current-phase relation as long as the mea-
surement is faster than the inelastic relaxation between
the Andreev bound states [17], i.e. the experiment takes
place at RF frequencies.
Bismuth is an interesting material in the context of
both Dirac semimetals and topology. It has been rec-
ognized since the sixties that interband coupling in Bi
around the L point of the bulk Brillouin zone invokes the-
oretical treatment in the framework of a relativistic Dirac
equation in three dimensions [18], although a small gap
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FIG. 1: Josephson effect in a topological Dirac semimetal junction. a, Sketch of a DSM Josephson junction, where
Andreev bound states carry supercurrent from one superconducting lead (S) to the other. In the DSM interlayer, the rightgoing
electron (blue, moving right in one of the Dirac cones) can be Andreev reflected at the right interface as a hole (orange, moving
left) in the same Dirac cone. The hole can be reflected at the left interface into an electron. When the electron is topologically
protected against backscattering (crossed out electron reflection process) and when the second Dirac cone (shown shifted and
dashed for clarity) is quantum mechanically orthogonal to the first (crossed out backscattering as well as Andreev reflection
into this cone) the Andreev bound states can become Majorana zero modes. b, Scanning electron microscopy image of a
Josephson junction with superconducting Nb electrodes on top of an exfoliated flake of the DSM Bi0.97Sb0.03. c, Schematic of
the Andreev bound state energy spectrum as a function of the superconducting phase difference across a topological DSM-based
Josephson junction for different values of the parallel momentum. For perpendicular modes (ky = kz = 0), the gap (Egap) at
ϕ = pi is closed. These Andreev bound states give a 4pi-periodic contribution to the current-phase relation. d, The normal
state transmission (blue line) is shown as a function of the angle between the propagation direction and the normal to the
interfaces. Broad transmission resonances occur at specific angles, enabling the Andreev bound states to cross zero energy, i.e.
Egap = 0, or 1− Egap/∆ = 1 (red line). When Egap is less than the resolution-determined cut-off energy, the Andreev bound
states cannot be experimentally distinguished from being 4pi-periodic (grey area).
at the Dirac point remains. Upon doping Bi with Sb at
the 3 to 4% level this gap closes [19], providing a proper
3D Dirac semimetal that can be classified [20] as stem-
ming from an accidental band touching. Increasing the
Sb doping concentration further leads to inversion of the
bands at L. At about 7% doping (when the hole pocket
at T has shifted below the Fermi energy), this material
was the first discovered 3D topological insulator [21, 22].
In this report, we focus on exfoliated single crystals with
3% Sb doping (for methods, see Supplementary Informa-
tion).
The bulk Fermi surface of Bi1−xSbx at low doping is
shown schematically in Fig. 2a, and consists of one ellip-
soidal hole pocket at the T point (whose long axis aligns
with the trigonal c-axis) and three ellipsoidal electron
pockets originating from the L points (whose long axes
align in the trigonal-bisectrix plane, 6◦ tilted off the bi-
sectrix axis). The data from angle resolved photoemis-
sion spectroscopy (ARPES) on the (111) cleavage surface
of Bi1−xSbx, shown in Fig. 2a, reveal several electron
and hole surface states, qualitatively very similar to what
is seen at higher doping [21, 22]. The longitudinal and
transverse Hall resistance profiles in perpendicular mag-
netic field show Shubnikov-de Haas quantum oscillations
with a period of 0.20 T−1 (see Fig. 2b). From the de-
pendence on the direction of the applied magnetic field,
the oscillations can be traced back to a spin-degenerate,
bulk, hole ellipsoidal Fermi sheet with a measured elon-
gation factor of three and a carrier density of 1.5× 1017
cm−3. This density is even lower than in Bi, due to
the Sb doping (see Supplementary Information). A Din-
gle analysis yields a hole mobility of 1.8 m2V−1s−1 (see
Supplementary Information).
A negative magnetoresistance is observed when the
magnetic field is applied in the direction parallel to the
applied electric field. This is an indication for the chiral
anomaly found in Dirac semimetals [4, 23]. We find this
effect to be largest for x = 0.03 and we measured it in
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FIG. 2: Magneto-transport in Bi0.97Sb0.03. a, Schematic of the bulk Fermi surfaces of Bi1−xSbx. Three electron pockets
(blue) and one hole pocket (red) are located at the L and T points of the bulk Brillouin zone, respectively. The projection onto
the surface Brillouin zone is also shown, including an illustrative ARPES Fermi surface map recorded from the (111) cleavage
surface for x = 0.04. b, Longitudinal resistance, Rxx, and transverse Hall resistance, Rxy, as a function of perpendicular
magnetic field at T = 2 K. Inset: Shubnikov-de Haas oscillations in Rxx after background subtraction. c, Angle dependence of
the magnetoresistance at 2 K. The sample is rotated in the trigonal-binary plane. Negative longitudinal magnetoresistance is
observed when the field is aligned with the current direction (binary axis). Upper inset: angle dependence of the Shubnikov-de
Haas oscillation frequency. The fitting curve corresponds to an ellipsoidal hole pocket with elongation factor of three. Lower
inset: Angle-dependence of the magnetoresistance on a zoomed-out scale. Very high magnetoresistance (>1000%) is observed
in perpendicular field.
exfoliated micron sized flakes with a thickness down to
100 nm, as well as in millimeter sized crystals.
The contribution of the Dirac cone to the conductance
can be obtained from a multiband fit to the resistance
data, using the ARPES (surface states) and Shubnikov-
de Haas data (bulk states) as input parameters (see Sup-
plementary Information). The surface state mobilities
must be low since no quantum oscillations are observed
at frequencies corresponding to their carrier densities. A
bulk electron carrier density of 0.2 × 1017 cm−3 is ob-
tained for each of the three two-fold degenerate Dirac
cones. The electron mobility has a similar order of mag-
nitude as the hole mobility and the bulk normal state
conductance dominates that of the surface because of the
much higher mobility of the former. For Josephson junc-
tions, the bulk dominance of the supercurrent will be
even stronger, as the mean free path of the electrons in
the bulk Dirac cone is large enough to provide ballistic
transport with a large coherence length. The conduction
by the surface carriers and the bulk holes is diffusive, pro-
viding much shorter coherence lengths, strongly reducing
these contributions to the Josephson supercurrent. (See
Supplementary Information.)
Josephson junctions of varying width and Nb electrode
separation length were fabricated. All junctions show
a supercurrent as a clear manifestation of proximity-
induced superconductivity in the Dirac semimetal sam-
ples. The junctions with the shortest length (500 nm)
show ballistic Josephson transport with a critical cur-
rent, Ic, of about 1 µA and a normal state resistance,
RN , of about 20 Ω (see Supplementary Information).
When irradiated with microwaves of frequency ν,
Shapiro steps are observed in the dc current-voltage
curve at voltages n h2eν due to the ac Josephson effect,
see Fig. 3. The shortest junctions miss the n = 1
steps in their Shapiro spectra. This fractional Joseph-
son effect was predicted as a detection method for the
4pi-periodic current-phase relation, underlying the Majo-
rana zero mode [24]. Whereas the disappearence of odd
Shapiro steps have been measured occasionally [25], ex-
periments often just reveal the n = 1 step to be missing
[9, 11], which has been theoretically explained to be due
to capacitive effects [26], see also the Supplementary In-
formation.
A clear missing (Fig. 3b) or reduced (Fig. 3d) n = 1
step is observed at different RF frequencies. The missing
n = 1 step does appear when the frequency is increased
(Fig. 3e). In models for resistively shunted junctions
(RSJ) with simultaneous 2pi and 4pi components in the
current-phase relation [11], this crossover frequency rep-
resents the point at which the contribution of the 4pi-
periodic bound states is no longer visible, although these
bound states are still present. In Fig. 3f, we plot the
ratio between the width of the first Shapiro step and the
width of the second step, Q12, as a function of the irradi-
ation frequency and we estimate the transition frequency,
fc, to be about 2 GHz. We define the width of each step
as the largest value it attains in their power profile. In
the RSJ model, fc =
2e
h RNI
4pi
c gives an estimate of the
4pi-periodic contribution to the critical current of about
I4pic = 0.2 µA, which is about 20% of the total criti-
cal current Ic. This large fraction can be qualitatively
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FIG. 3: Fractional Josephson effect. a, Current-voltage characteristics of device S1 at T = 12 mK under microwave
irradiation at frequency ν = 0.90 GHz and a power of -1.0 dB, where 0 dB refers to the first minimum in Ic. Right panel:
Binning map of the Shapiro step size. b, Shapiro step size as function of DC voltage and RF power as derived from the binning
maps. The n = 1 step is completely suppressed in the whole range of applied microwave power. c, Cross-sections of panel B
to reflect the power dependence of the Shapiro step sizes. For clarity, the curves are offset by 0.5 µA. The step size of I0 is
defined here as 2Ic. d, Shapiro step size as function of RF power at frequency ν = 1.25 GHz. The n = 1 step appears at high
power only. e, Shapiro step size as function of RF power at frequency ν = 6.40 GHz. For this high frequency, all Shapiro steps
are present. f, The ratio between the n = 1 and n = 2 step size, Q12, as a function of RF frequency. The critical frequency
where Q12 = 1 is extracted to be about 2 GHz.
explained (see Supplementary Information) by the large
number of Andreev bound states with a gap in the spec-
trum at E = 0 that is smaller than the energy resolution
of the experiment, making these effectively 4pi-periodic.
The fact that many modes have such a small gap relates
to the large width (both in energy and angle) of the nor-
mal state transmission resonances due to the topological
spin-momentum locking. Because Landau-Zener tunnel-
ing due to an applied bias would be more effective at
higher frequencies, while the data shows the opposite,
we expect that the energy resolution in this experiment
is determined by temperature, rather than bias voltage.
To test our expectation that the supercurrent is car-
ried by the electrons in the bulk Dirac cone, we study the
supercurrent in a parallel magnetic field. When a field,
Bx, is applied in the direction of the current, the Fermi
surface pockets are expected to shift in k-space. Owing
to the large g-factor of about 1000 for the bulk Dirac cone
electrons in a magnetic field along the binary or bisectrix
axes [27], the Zeeman effect dominates, resulting in a shift
of the Dirac cone in the kx direction of ∆kx =
gµBBx
h¯vF
.
The proximity induced Cooper pairs then obtain a finite
momentum, which is expected to lead to a spatially os-
cillating order parameter. Note, that at zero magnetic
field, the Cooper pairs do not have a finite momentum as
pairing occurs between electrons with opposite momenta
at L and -L. Finite momentum pairing is known to oc-
cur in Josephson junctions with ferromagnets [28] and,
more recently, semiconductors with spin-orbit coupling
[29]. We observe an oscillating critical supercurrent as a
function of the parallel magnetic field, see Fig. 4a. In the
Supplementary Information the periodicity of the oscil-
lations is contrasted to the observed Fraunhofer pattern
for perpendicular magnetic fields, ruling out contamina-
tion with perpendicular field components. Furthermore,
the data can be well described using a complex coherence
length, which contains the oscillations as well as the de-
cay, as expected in the finite momentum pairing scenario
[30]. Such a simulation of the data (red line in Fig. 4a),
yields critical current oscillations with a period that is
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FIG. 4: Finite momentum pairing. a, Differential resistance of an 800 nm long junction as a function of B, applied parallel
to the current, at T = 12 mK. The critical current can be fitted (solid line) by considering finite momentum pairing induced
by a Zeeman shift of the Dirac cone in the direction of B, as illustrated in the inset. b, Top: Shapiro step size as function of
voltage and applied parallel magnetic field of a 500 nm long junction under RF irradiation (P = −20 dBm, ν = 0.995 GHz).
Bottom: Cross sections of the top panel to reflect the onset of the n = 1 Shapiro step at Bc, possibly due to the finite ky
induced by the orbital effect of B (inset top panel).
set by L∆kx = pi, where L is the length of the junction.
In order to fit the data, and by using an average Fermi
velocity of 5×105 m/s, a g factor of 800 is obtained, con-
sistent with literature [27]. The junction is tuned into the
pi-state for a parallel magnetic field between 12 and 38
mT.
In Fig. 4b we show the sensitivity of the 4pi-periodic
Andreev bound states to the applied magnetic field. The
parallel field geometry is a convenient platform for this.
For perpendicular field, the orbital contribution of the
field provides a modulation of the critical current on a
small field scale, which decreases the 4pi-periodic An-
dreev bound state visibility (lowered Ic) before the 4pi-
periodicity itself is actually suppressed. However, in the
parallel field orientation, we observe a reappearance of
the n = 1 Shapiro step at Bc = 20 mT for a 500 nm junc-
tion, signalling a suppression of the 4pi-periodicity, well
before Ic is suppressed by the finite momentum pairing
(see I0 of the same junction in the lower panel of Fig. 4b).
We speculate that the suppression of the 4pi contribution
in a parallel field is due to the shift of the Dirac cone in
the ky direction, caused by the orbital contribution of the
field, ∆ky =
e
h¯Bxz. This shift is much smaller than the
Zeeman shift but it does give the Andreev bound states
considerable momentum parallel to the interface, chang-
ing the angles at which transmission resonances occur.
By taking z = 300 nm as the thickness of our flake, we
extract a parallel momentum of the order of 107 m−1 at
Bc = 20 mT, which indeed is significant with respect to
the forward electron momentum of 3× 107 m−1.
Our observation of proximity induced superconductiv-
ity in a topological Dirac semimetal provides a platform
to investigate whether topological superconductors gen-
erated in this manner have an unconventional order pa-
rameter symmetry and opens up a new avenue towards
topological quantum computation. The degeneracy in
the Dirac cone and the presence of multiple Dirac cones
allows for multiple Majorana zero modes. It will be in-
triguing to see whether in the future it would be advan-
tageous to engineer the number of cones using thin film
technology [31] or empty cones by means of valley polar-
ization [32], and whether multiple Majoranas can be em-
ployed in quantum algorithms. Technologically, the use
of the topological bulk properties of a semimetal rather
than a topological surface, renders devices less sensitive
to disorder and environmentally-induced surface degre-
dation.
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A. Crystal growth and device fabrication
Bi1−xSbx single crystals are grown using a modified Bridgman method. High-purity Bi
ingots (99.999%) and Sb ingots (99.9999%) were packed in a cone-shaped quartz tube and
sealed under vacuum (4×10−7 mbar). The tube was first put in a box furnace and heated up
to 600 ◦C for 12 hours. The tube was shaken several times in order to obtain a homogeneous
mixture of Bi and Sb. Then the tube was quickly cooled to room temperature and hung
vertically in a mirror furnace for crystal growth. The tube was heated to 300-400 ◦C,
starting from the cone-shaped bottom, and the molten zone was translated up with a rate of
1 mm/hour. Flat crystals up to 1 cm in length were obtained by cleaving the crystal boule.
The Bi0.97Sb0.03 crystal was mechanically exfoliated onto a SiO2/Si
++ substrate. The
flakes are on average about 300 nm thick. The Josephson junctions are fabricated using
standard e-beam lithography followed by an RF Ar+ ion etch, and in situ sputter deposition
of 100 nm thick Nb electrodes and a few nm Pd as a capping layer.
B. Angle Resolved Photoemission Spectroscopy
ARPES measurements were carried out at the I05 beamline of Diamond Light Source
Ltd.. Crystals of Bi1−xSbx (x = 0.03 and 0.04) were cleaved in ultrahigh vacuum at a
temperature of 30 K, and the ARPES data were recorded at a temperature of 10 K in the
low 10−10 mbar pressure range, with an overall energy resolution of 15 meV and k resolution
of 0.015 A˚−1. The Fermi surface map shown in Fig. 2 of the main paper was recorded using
circularly polarised radiation of energy 60 eV from an x = 0.04 crystal. The ARPES data
from x = 0.03 and x = 0.04 crystals were very similar, both showing three features: an
electron pocket e1 around Γ¯; a hole pocket ’petal’ h1 and a second electron pocket petal
e2, as expected theoreticallyS1. h1 and e2 are located on a line between Γ¯ and M¯. ARPES
studies on low Sb doping levels, have shown e1 and e2 to be from the same bandS2,S3 and thus
only two different surface states are present for defect-free samples. From the agreement
with the of data from carefully-prepared thin films reported in Ref. S3, it would seem our
cleaves have a low defect density.
The surface state features were the sharpest and clearest for the x = 0.04 data, and thus
these were used for the quantification of the kF values of each of the three features. Fig. S1a
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FIG. S1: ARPES data from (111) cleavage surfaces of Bi1−xSbx at x = 0.03 and x = 0.04.
a, Comparison of Fermi surface maps for the two dopings, recorded with 60 eV photons at 10 K.
b, Examples of the principle k-cuts from datasets on x = 0.04 samples from which the areas of the
surfaces state Fermi surfaces were determined using analyses of both energy distribution curves
and momentum distribution curves. The kF indications for the Γ¯M¯ direction are sketched for cut
1, to illustrate the procedure.
shows a comparison of the Fermi surface map from the x = 0.03 (left) and x = 0.04 (right)
samples. It is evident that the Fermi surfaces of the surface states do not differ within the
experimental uncertainty. Fig. S1b shows the principle k-space cuts used to assess the area
of the 2D Fermi surfaces of the surface state features e1, h1, and e2. Table S1 contains the
kF values for the long and short axes of each of the surface state charge carrier pockets,
derived from the cuts through the ARPES data as shown in Fig. S1B. These are used for
the simulation of the magnetoresistance data, whereby each Fermi surface contributes a 2D
carrier density given by n2D =
kF1kF2
4pi
per spin direction. The degeneracy per pocket is
indicated in Table S1 as well.
3
TABLE S1: Estimation of the size of the surface state electron pocket (e1) at Γ¯ and the hole
pockets (h1) and electron pocket (e2) along Γ¯− M¯. The last column represents the degeneracy in
terms of spin, number of pockets in the Brillouin zone and the two surfaces.
pocket 2kF1 (10
8 m−1) 2kF2 (108 m−1) n2D (1016 m−2) spin × pocket × surface
e1 8.8 8.8 1.5 1 × 1 × 2
h1 3.6 21.0 1.5 1× 6 × 2
e2 3.8 22.0 1.7 1× 6 × 2
C. Shubnikov-de Haas analysis
To characterize the electronic structure of the Bi0.97Sb0.03 flakes, electronic transport
experiments were performed and analyzed. Fig. S2 shows the (anti-) symmetrized data
of a typical magnetoresistance measurement result. Most prominent in the figure is the
nonlinearity of the Hall signal, which we observed for all our flakes. Another noticable
feature is the presence of Shubnikov-de Haas oscillations, both in Rxx and Rxy, which is
very common for Bi-based materials.
To extract the Shubnikov-de Haas oscillations most clearly from the magnetoresistance
measurements, a background was subtracted from the data. Because the magnetoresistance
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FIG. S2: Typical magneto-transport data. Symmetrized longitudinal magnetoresistance (Rxx)
and Hall resistance (Rxy) of Bi0.97Sb0.03 flakes in perpendicular magnetic field, measured in Hall
bar configuration.
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FIG. S3: Temperature dependence of Shubnikov-de Haas oscillations. Oscillations in Rxx,
after background subtraction, for different temperatures. The data on the left of the dashed line
are not taken into account for analysis, because of the more complicated background subtraction
in this range.
curves have quite a complex form, we resorted to using heavily smoothed versions of the data
as a background. Fig. S3 shows the result of such a background subtraction for different
temperatures, from which we find an oscillation frequency of F⊥ = 5.1 T. The method we
used for background subtraction becomes inaccurate for higher fields, so the amplitudes of
the lowest Landau levels (those left of the dashed line in Fig. S3) were excluded from further
analysis.
The period of the Shubnikov-de Haas oscillations varies with the angle between the mag-
netic field and the current. An example of this angle dependence is shown in Fig. S4. The
angle dependence of the oscillation frequency fits to that of an ellipsoidal Fermi surface,
with an anisotropy factor of 3 and the long axis parallel to the c-axis of the crystal. This
corresponds to the bulk hole pocket, which is located at the T -point (see Fig. 2a in the
main paper). From nhb =
8pi
3
3
√
2eF⊥/h¯
3 1
(2pi)3
, we then find a bulk hole carrier density of
nhb = 1.5×1023 m−3. Considering a flake thickness of 300 nm, we find a sheet carrier density
of nhb = 4.5× 1016 m−2.
The amplitude of the Shubnikov-de Haas oscillations scales with magnetic field and tem-
perature as
∆Rxx ∝ A0 2pi
2kBT/En
sinh(2pi2kBT/En)
exp (−pih¯/Enτq), (S1)
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FIG. S4: Angle dependence of the Shubnikov-de Haas frequency. For different angles
between the magnetic and the electric field, the Shubnikov-de Haas frequencies are plotted. The
angle dependence of the frequencies fits to an ellipsoidal Fermi surface with an anisotropy factor 3.
where En = h¯eB/m
∗. We fitted the temperature and magnetic field dependences separately
by keeping the other variable fixed. Fig. S5 shows the dependence of the ∆Rxx amplitudes
on temperature, for six fixed magnetic fields, corresponding to either integer or half integer
Landau levels. From a global fit on all six datasets at once, we found the cyclotron mass
of the bulk holes to be mh ≈ 0.061m0. To find the quantum scattering time, τq, we
used the cyclotron mass and fitted the magnetic field dependence of the amplitude for
constant temperature, see Fig. S6. Finally, a global fit on all six datasets at once yields
τq ≈ 4.32×10−13 s. If we take the cyclotron mass of the bulk holes to be mh =
(
m∗xm
∗
ym
∗
z
)1/3
(with an anisotropy factor of 3), we find m∗x ≈ 0.042m0, which indicates a hole mobility of
µh ≈ 1.76 m2/V s.
D. Multiband fit to transport measurements
From the ARPES data and Shubnikov-de Haas analysis, we obtained several properties
of three different types of carriers. Including the bulk electron pockets, we conclude that
electronic transport in Bi0.97Sb0.03 is mediated by four different conduction channels. With
this information, we can perform a four-band fit to the magnetoresistance data, with
Gxx =
e (nes + n
h
s )µs
1 + (µsB)2
+
e neB µ
e
B
1 + (µeB B)
2
+
e nhB µ
h
B
1 + (µhB B)
2
(S2)
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FIG. S6: Dingle fits. For six fixed temperatures, the amplitudes of ∆Rxx as a function of inverse
magnetic field are fitted with the Dingle equation. From this, we find the quantum scattering time
of the bulk hole carriers to be τq ≈ 4.32× 10−13 s.
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and
Gxy =
e (−nes + nhs )µ2s B
1 + (µsB)2
− e n
e
B (µ
e
B)
2B
1 + (µeB B)
2
+
e nhB
(
µhB
)2
B
1 + (µhB B)
2
. (S3)
The parameters that we have estimates for are nes, n
h
s , n
h
B and µ
h
B. We also know that, since
we do not see any quantum oscillations from the surface states, the surface state mobilities
should be low and we assumed them equal for the electron and hole pockets. Using the
estimates as fixed input parameters, we first performed an initial fit. Then we optimized the
fit without any fixed parameters, although we kept all parameters within reasonable bounds.
The best fits on Gxx = Rxx/(R
2
xx +R
2
xy) and Gxy = Rxy/(R
2
xx +R
2
xy) are shown in Fig. S7,
along with the resulting parameters. The obtained surface carrier densities are higher than
the estimates from the ARPES data. We attribute this to the fact that, contrary to the
crystal measured in ARPES, the measured Hall bars were exposed to air, which affected the
surface states. While the surface mobilities were assumed equal, the equality of the surface
carrier densities is a result from the fit. The physical consequences are charge neutrality
on the surfaces and a surface contribution to the longitudinal conductance, without any
significant effect on the Hall conductance. The extracted bulk electron mobility is lower
than reported for pure Bi, because it is the average of the anisotropic electron mobilities.
The carrier densities of the bulk carriers are lower than in pure Bi due to the Sb doping, see
Fig. S8.
From the extracted sheet electron density of the bulk of 1.8×1016 m−2 we divided by the
flake thickness of 300 nm to obtain a bulk carrier density of 0.6 × 1023 m−3, which is only
ne = 0.2 × 1023 m−3 per Dirac cone. For an ellipsoidal Fermi surface with extremal Fermi
velocities v1 = 0.8 × 105 m/s and v2 = 10 × 105 (see Ref. S4), we obtained a Fermi energy
of EF = h¯ (pi
2nev1v
2
2)
1/3
= 16 meV.
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FIG. S7: Multiband fit on the conductance. Longitudinal and Hall conductance, calculated
from the measured Rxx and Rxy and fitted with the 4-band model from Eqs. S2 and S3. The
parameters obtained from the fit are listed in the figure.
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FIG. S8: Sb doping dependence of the energy levels in Bi. Schematic doping dependence
of the bulk valence band at T and the valence and conduction band at L. Band inversion of Ls and
La occurs around 3 to 4 % doping of Sb. At around 6 to 7%, the valence band at T drops below
the Fermi energy, EF (dotted line), and the material becomes a topological insulator. Figure after
Ref. S5.
9
ba
1
10
100
1000
I c
(n
A
)
1.21.00.80.60.40.20.0
L1
S2
S1
L3
L2
T(K)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0
100
200
300
400
500
600
700
800
900
junction s1
L/ξs= 2.7, D = 0.9, Tc= 3.1 K
T(K)
I c
(n
A
)
FIG. S9: Critical current temperature dependence a, Temperature dependence of critical
current of sample S1 (data points). The temperature dependence of the critical current can be
fitted by the theoretical model of ballistic Josephson junctionsS8. The parameters are shown in
the figure. b, Temperature dependence of junctions of different length, see also Table II. While
the short junctions (S1,S2) can be fitted with ballistic transport models, the longer junctions are
in the diffusive limit.
E. Josephson junctions in different regimes
The length of the Josephson junctions, as defined by the lithography process and after
the Nb deposition, varies between 500 nm and 1 µm. We estimate the mobility of the
Bi0.97Sb0.03 interlayer from the magnetotransport results of Hall bar samples made from the
same crystal. The multiband and Shubnikov-de Haas analyses above yield typical µ values
of order of 2 m2V−1s−1, both for the electrons and the holes in the bulk bands.
Bulk holes have an effective mass of 0.042m0 (see Shubnikov-de Haas analysis, section
C) and a Fermi velocityS6 of 1.4 × 105 m/s. Using these values, we therefore extract an
elastic mean free path, le =
µmvF
e
, of about 66 nm, which is shorter than the junction
length. However, for the bulk electrons with linear dispersion, the effective mass is given
byS7 m∗vF = h¯k, which is substantially higher along the long axis of the ellipsoidal electron
Fermi surface than for the holes, giving a mean free path of the order of the length of the
devices, suggesting that the shortest junctions could show ballistic transport.
To confirm the ballistic or diffusive behavior of the junctions, the critical current as func-
tion of temperature, Ic(T ), was measured for all devices. For the shortest junctions, the
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Ic(T ) function is concave, which is an indication of ballistic transport in the interlayer. We
therefore fitted Ic(T ) with the clean limit Eilenberger equations, using the model of Galak-
tionov and ZaikinS8. This model includes barriers with arbitrary transparencies between the
interlayer and the superconductors. We assumed a symmetric situation with equal trans-
parencies on both sides of the interlayer. The input parameters of the model are Tc = 3.1
K, as determined from the criterion that Ic = 0 (hence ∆ = 0.5 meV), and the device length
L = 500 nm. The model fits the data accurately for an interface transparency, D, of 0.9
and a normal coherence length of ξ = h¯vF
pi∆
= 185 nm, giving an average vF = 5 × 105 m/s,
see Fig. S9a. Note, that the Ic(T ) of sample S1 in Fig. S9a was measured after several
cooldowns, which shows a slight reduction in the critical current with respect to the first
measurements, see Table S2 and Fig. S9b. The overall shape, however, did not change.
The reduced junction Tc with respect to the critical temperature of the Nb electrodes,
as well as the high interface transparency, suggest that a proximity induced superconduct-
ing gap is induced in the Bi0.97Sb0.03 below the Nb electrodes. The Josephson junction is
then formed laterally where the proximized regions act as superconducting electrodes. The
experimentally observed deviation from a fully transparent interface can then be explained
by a modest Fermi velocity mismatch (induced by the different workfunction of the Nb
electrodes).
For the longer junctions, the Ic(T ) dependence is qualitatively different (see Fig. S9b)
and can only be fitted using the Usadel equations for diffusive transportS9. Thus, by varying
the length of the junctions, samples can be placed in different junction limit regimes. The
diffusive junctions naturally have lower RNIc values. We list all junction parameters of the
different devices in Table S2. Only the shortest junctions, which are in the ballistic regime,
show the Majorana zero modes as discussed in the main text.
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TABLE S2: Parameters of all junctions
L1 S1 S2 L2 L3
L (nm) 800 500 500 800 1000
W (µm) 3 3 2 2 2
RN (Ω) 18.7 17.3 23 40 27
Ic (nA) 160 1220 970 55 48
RNIc (µV) 3 21.1 22.3 2.2 1.3
F. Influence of hysteresis on the Shapiro steps
The dynamics in a Josephson junction can be described by a resistively shunted junction
(RSJ) model or by a resistively and capactivitely shunted junction (RSCJ) model, depending
on the nature of the shunt. The models are characterized by a damping parameter (σ) or
the so called Stewart-McCumber parameter, defined as βc = 1/σ
2 =
2e
h¯
IcR
2
NC. When
β >∼ 1, the transition between the superconducting state and normal state starts to become
hysteretic (retrapping current Ir < switching current Ic) and the junction is getting into the
underdamped regime. Also, if the retrapping voltage (Vr = IrRN) is larger than the jump
height of a Shapiro step (hf/2e), some steps could be buried inside of Vr. It is important
to distinguish our observations of 4pi-bound state induced missing Shapiro steps from such
effects. Here, we examine two different aspects of the RF response of the Dirac semimetal
junctions to exclude the possibility of dynamic effects on our results.
1. Comparison between 3% and 4% Bi1−xSbx junctions
We measured both 3% and 4% Bi1−xSbx-based Josephson junctions in RF regime. In
Fig. S10 we show the dV/dI color plot and the IV curves of two junctions with similar
IcRN product and irradiated at similar frequencies. However, the damping parameters are
different, making the 4% devices slightly hysteretic. We indicate the number of the steps in
the color-plot and it is clearly shown that for the 4% sample, the Shapiro steps are hidden at
low bias because of hysteresis and they gradually reappear when the RF power is increased.
However, the Dirac semimetal (3%) junction consistently shows a ’missing step n = 1’
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FIG. S10: Comparison between 3% and 4% Bi1−xSbx junctions. (Top) Color-plot of the
differential resistance (dV/dI) in IDC and RF power space. The number of the steps are indicated
in both color-plots. In the 4% sample, at low RF power, all the low level steps are reduced
or suppressed due to the large retrapping voltage. They all appear when the critical current is
sufficiently suppressed. In the 3% sample, the n = 1 step is always absent even when Ic →
0. (Bottom) Current-voltage characteristics (normal state → superconducting state) at different
values of the RF power. The transition point is indicated by the dashed black line, which is power-
dependent in the 4% sample, but consistently positioned at the n = 2 step for the 3% sample.
through a large range of power, even when the critical current Ic is reduced to nearly zero.
Also, we observe that, in the high power regime, the IV curves are already rounded by the
heating, providing a smooth transition with finite voltage values in between the normal and
superconducting states, so that the mentioned hiding effect due to the retrapping voltage
can be excluded.
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2. Influence of the capacitance on the 4pi-periodic supercurrent in the intermediate damping
regime
The technique of measuring missing Shapiro steps in the context of a 4pi-periodic super-
current contribution was established theoretically in main text Ref. 24, and then experi-
mentally applied in main text Refs. 11 and 25. Our measurement results share the general
trend that the lowest odd steps are suppressed more than the higher steps. In our case,
only the n = 1 step is missing. Recently, a theoretical study (main text Ref. 26) employed
the RSCJ model to simulate the Shapiro steps of 2pi+4pi-periodic supercurrent in different
regimes for junction parameters that are very much applicable to previous publications and
the present work. The main finding of the theory is the effect of the capacitance in the
RSCJ model on the visibility of the 4pi-periodic contribution to the supercurrent. First of
all, the first step disappears for a large range of RF power. Secondly, the third and fifth
steps are less affected. In fact, their Fig. 2 (dashed line) shows results for a junction with
βc = 1/σ
2 ∼ 1 and a 20% 4pi-periodic current contribution, which are the exact parameters
of our junctions. Indeed, the first step is expected to be strongly suppressed while the higher
odd steps are always present. We can, therefore, conclude that dynamic effects, or biasing
instabilities due to hysteresis, are absent in our Dirac semimetal Josephson junctions, but
that capacitive effects are still important in order to understand the degree of disappearance
of different Shapiro steps.
G. Bogoliubov-de Gennes formalism for Andreev bound states in a Dirac
semimetal
A generic Hamiltonian for a three-dimensional Dirac semimetalS11 is
HD =
Hˆ0 − µˆ 0
0 −Hˆ0 − µˆ
 , (S4)
where Hˆ0 = h¯v (kxσˆx + kyσˆy + kzσˆz) and µˆ = µ1ˆ. The wave vector k = (kx, ky, kz) is
measured with respect to the Dirac point (in the case of Bi1−xSbx this is the crystallographic
L point in k-space), and −µ is the energy of the Dirac point with respect to the Fermi energy
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(E = 0). In spherical coordinates we can write
Hˆ0 = h¯vk
 cosφ e−iθsinφ
eiθsinφ −cosφ
 , (S5)
where k =
√
k2x + k
2
y + k
2
z , θ = arctan
ky
kx
, and φ = arccoskz
k
.
The Dirac Hamiltonian of Eq. (S4) is a 4 × 4 Hamiltonian in a basis that is spanned by
spin (↑↓) and orbital/parity (1,2) elements, i.e. (u1↑, u1↓, u2↑, u2↓)T . The Hamiltonian can
be straightforwardly generalized to take anisotropy (v taking different values in the three
directions) or mass terms into account. In fact, in the limit of zero mass, the Hamiltonian for
the bulk of a three-dimensional topological insulator such as the seminal Bi2Se3
S12 reduces
to Eq. (S4).
The part of the band structure we consider consists of two superposed Dirac cones. When,
in this case, the 4-spinor wave functions are decomposed into two independent 2-spinors, two
Weyl cones are obtained with opposite Chern numbers. Here, we rather keep the 4-spinor
Dirac notation since Bi1−xSbx is classified as an accidental Dirac semimetalS11 for which a
gap can be opened (for example by doping away from x = 3%), contrary to the case of
non-degenerate Weyl cones. A transition to non-degenerate Weyl cones can be made when
time reversal symmetry is broken by magnetization, for example.
For energies above the Dirac point (E > −µ), Eq. (S4) provides two electron
Fermi surfaces with a linear dispersion in three directions, where E = −µ + h¯vk.
The spinor part of the wave functions of these two cones are orthogonal, ψ1,2D =
1√
2
(
cosφ
2
, eiθsinφ
2
,±sinφ
2
,∓eiθcosφ
2
)T
, which reduces to ψ1,2D =
1
2
(
1, eiθ,±1,∓eiθ)T for kz = 0.
We include the holes v = u† to form a Nambu basis for the wave functions
(u1↑, u1↓, u2↑, u2↓, v1↑, v1↓, v2↑, v2↓)
T . In principle, exotic order parameters can be expected
when inter-orbital pairing is consideredS13, but here we assume the most simple proximity
induced intra-orbital s-wave singlet superconducting pairing ∆ = ∆ˆ01ˆ, where
∆ˆ0 =
 0 ∆Seiϕ
−∆Seiϕ 0
 , (S6)
with ϕ being the superconducting phase of the condensate. The 8 × 8 Bogoliubov-de Gennes
Hamiltonian is then given by
HBdG =
HD(k) ∆
−∆∗ −H∗D(−k)
 . (S7)
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The reversal of the vector k is provided by taking φ→ φ+ pi, so that for example
−Hˆ∗0 (−k) = h¯vk
 cosφ eiθsinφ
e−iθsinφ −cosφ
 . (S8)
For ∆S = 0, the electron and hole parts of HBdG decouple and one
can define a basis where the spinors of the electron quasiparticle are
ψe1,2 =
1√
2
(
cosφ
2
, eiθsinφ
2
,±sinφ
2
,∓eiθcosφ
2
, 0, 0, 0, 0
)T
, in analogy with ψD,
with E = −µ + h¯vke, and the spinors of the hole quasiparticles, ψh1,2 =
1√
2
(
0, 0, 0, 0, sinφ
2
,−e−iθcosφ
2
,∓cosφ
2
,∓e−iθsinφ
2
)T
with E = µ − h¯vkh. We assume
that µ  ∆S, so that we can make the usual Andreev approximation, in which ke ≈ kh,
and we take the same θ and φ in the electron and hole branches.
HBdG describes the induced superconductivity inside a Dirac semimetal, such as
below the Nb electrodes of the devices under study. For example, for 0 < E < µ,
the dispersion is given by E =
√
(µ− h¯vk)2 + ∆2, with corresponding spinors ψ1,2S =
χ
2
√
E
(
eiϕcosφ
2
, eiϕeiθsinφ
2
,±eiϕsinφ
2
,∓eiϕeiθcosφ
2
,− ∆
χ2
eiθsinφ
2
, ∆
χ2
cosφ
2
,± ∆
χ2
eiθcosφ
2
,± ∆
χ2
sinφ
2
)T
with χ =
√
E − µ+ h¯vk. At energy E, two electronlike and two holelike Bogoliubov
quasiparticles exist for each of the two superconducting condensates, see Fig. S11. The
corresponding wave vectors are given by h¯vkSe,h = µ±
√
E2 −∆2, so that the coefficient χ
is different for the electronlike and holelike quasiparticles, χe,h =
√
E ±√E2 −∆2. This
also provides different corresponding wave functions, ψ1,2Se,h. Note, that the coefficients χe,h
have an imaginary component for the energies of interest here (E < ∆). This gives rise to
complex wave numbers, kSe,h, where the real parts represent plane waves and the imaginary
part evanescent waves.
At the interface between a Dirac semimetal and a (proximity induced) superconduct-
ing Dirac semimetal, the reflection, transmission and Andreev reflection coefficients can
be obtained by the continuity condition of the wave functions at the two sides of the in-
terface, following the same formalism as developed for the normal metal - superconductor
interfaceS14. For example, an electron in cone 1 approaching the interface on its right at an
angle θ can reflect as an electron in cone 1 with coeffcient ree, as an electron in cone 2 (r
′
ee),
as a hole in cone 1 (reh), and as a hole in cone 2 (r
′
eh). Into the superconductor the electron
can transmit as an electronlike quasiparticle in the condensate of cone 1 (tee) and cone 2
(t′ee), and as a holelike quasiparticle into cone 1 (teh) and cone 2 (t
′
eh). We assume transla-
tional invariance along the y and z coordinates, which dictates the conservation of parallel
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FIG. S11: Left: Linear dispersion of a Dirac semimetal, where the solid line represents the elec-
tron description of a Dirac cone, whereas the dashed line is the hole representation. Right: the
dispersion relation of the electronlike and holelike Bogoliubov quasiparticles in a superconducting
Dirac semimetal. Note, that all drawn dispersion relations are doubly degenerate since two Dirac
cones exist with opposite chirality. Also indicated are the reflection and transmission processes for
an electron in a Dirac semimetal (no pairing, so ∆ = 0) travelling to the right towards an interface
with the superconducting Dirac semimetal (∆ 6= 0).
momentum, ky and kz (see Fig. 1B of the main paper for the coordinate geometry). For
electron reflection, only kx changes sign, which can be captured by taking θ → pi− θ. Upon
Andreev reflection, all k-components are conserved. If we allow the chemical potential in the
superconductor, µS, to differ from the potential in the Dirac semimetal, then the angle of
the transmitted particles is given by θS = arcsin
(
µ
µS
sinφ
sinφS
sinθ
)
, where φS = arccos
(
µ
µS
cosφ
)
because of the assumed conservation of momentum parallel to the interface. Transmission
can occur as an electronlike and as a holelike quasiparticle. For the holelike quasiparticle kx
is reversed, see Fig. S11, which is provided by the angle pi − θS. The continuity equation
then reads
ψe1(θ) + reeψe1(pi − θ) + r′eeψe2(pi − θ) + rehψh1(θ) + r′ehψh2(θ)
= teeψSe1(θS) + t
′
eeψSe2(θS) + tehψSh1(pi − θS) + t′ehψSh2(pi − θS), (S9)
which provides 8 equations with 8 unknowns. In a similar way, the coefficients for an
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incoming hole in one of the cones can be calculated. For example, for cone 1,
ψh1(pi − θ) + rhhψh1(θ) + r′hhψh2(θ) + rheψe1(pi − θ) + r′heψe2(pi − θ)
= theψSe1(θS) + t
′
heψSe2(θS) + thhψSh1(pi − θS) + t′hhψSh2(pi − θS). (S10)
This procedure can be repeated for particles directed towards a second interface with another
superconductor (different phase factor ϕ).
In the case of transport in the lateral plane of the junction (kz = 0) and for an angle of
incidence of θ = 0, most of the coefficients are found to be zero. In fact, we then obtain
ree = r
′
ee = r
′
eh = teh = t
′
eh = 0. In this case, the vanishing reflection coefficient for scattering
from one cone to the other, r′ee = 0 is physically explained by the orthogonality of the wave
functions. Within one cone the reflection coefficient, ree, is 0 due to the ortogonality of the
wave functions for θ = 0 and θ = pi. The remaining Andreev coefficients are derived to be
rleh =
∆
E+
√
E2−∆2 e
−iϕl and rrhe =
E−√E2−∆2
∆
eiϕr , where the indices l and r refer to the left and
right interfaces respectively.
Once all the (Andreev) reflection and transmission coefficients are known, the Andreev
bound state can be calculated. Here, we generalize the procedure by KulikS15 and write the
wave function in the Dirac semimetal between two superconducting Dirac semimetals as
ψ = a1ψ
+
e1 + a2ψ
+
e2 + b1ψ
+
h1 + b2ψ
+
h2 + c1ψ
−
e1 + c2ψ
−
e2 + d1ψ
−
h1 + d2ψ
−
h2, (S11)
where +(-) indices refer to right (left) propagating waves, and where the coefficients a1
to d2 are given by 8 continuity equations, such as c1e
−ikeL = rreea1e
ikeL + rrhed1e
−ikhL +
r′reea2e
ikeL + r′rhed2e
−ikhL. Here, L = l
2
cosθsinφ, where the interfaces are assumed to be at
x = ± l
2
. The electron and hole wave vectors are given by h¯vke,h =
√
µ∓ E. In the end,
solving the 8 equations provides the energy of the bound state as a function of the phase
difference between the superconductors. If we now look at the case where kz = 0 and θ = 0
again, the bound state condition becomes rlehr
r
he = 1 in the limit of ke,hL  1, which then
gives E± = ±∆cos
(
ϕl−ϕr
2
)
. This Andreev bound state has a 4pi periodicity. An example
of numerically calculated Andreev bound states for modes with a finite momentum parallel
to the interface (nonzero kz and/or ky) is given in Fig. 1 of the main text. The derivation
of the bound states can easily be generalized to junctions with arbitrary electrode spacing,
L, by keeping the separate expressions for ke and kh. Examples will be given in the section
below.
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The E = 0 state around ϕ = pi of the 4pi-periodic current-phase relation can be de-
scribed as a Majorana state. When solving for the coefficients a1 to d2 in Eq. (S11), for
kz = ky = 0, the coefficients can be chosen such that ψ is written as a superposition of the
wave functions belonging to E+ and E−, namely ψ = a1
(
ψ+e1 + r
l
heψ
+
h1
)
+ c1
(
ψ−e1 + r
r
heψ
−
h1
)
+
a2
(
ψ+e2 + r
l
heψ
+
h2
)
+ c2
(
ψ−e2 + r
r
heψ
−
h2
)
. Note, that for ϕr = −ϕl = −pi2 , the reflection coef-
ficients at E = 0 simplify to rrhe = −1 and rlhe = 1. Generalizing the procedure by Fu
and KaneS16 to the spinors of the Dirac semimetal bound states, we find ψ = ξ1 ± ξ2,
where ξ1 =
1
2
(1, 0, 0, 0, 0,−1, 0, 0)T corresponds to a basis vector where the coefficients obey
a1 = c1 = a2 = c2, and ξ2 =
1
2
(0, 1, 0, 0, 1, 0, 0, 0)T corresponds to a1 = a2 = −c1 = −c2. By
assuming continuity across the interfaces, the same spinor can be written at the supercon-
ducting side of the interface. The spatial part of the wave function at E = 0 is given by the
wave number h¯vkSe,h = µ± i∆ providing an exponentially decaying factor, e−x/ξ, where the
length scale of the Majorana states ξ = h¯v
pi∆
.
H. Resonances and estimated 4pi contribution
In (semi)-metallic heterostructures, such as the Josephson junctions under study, the
Fermi wavelength (λF ) will likely be shorter than the interlayer length (L). For ballistic
transport this can give rise to Fabry-Perot type resonances in the interlayer region. Just
like in an optical system, the normal state transmission through the structure is maximal
when kxL = npi, where kx = kF cos(θ) is the momentum in the direction perpendicular to
the interfaces. In the case of superconducting electrodes, the supercurrent is carried by
Andreev bound states. The Andreev bound states can fully contribute to the supercurrent
whenever the Andreev bound state energy lies within a normal state resonance. The electrons
and holes in the Andreev bound state can stay coherent, whereas outside the normal state
resonance they quickly dephase. Coherence effects from overlapping normal state resonances
and Andreev bound states were, for example, shown for ballistic double-barrier Josephson
junctions with a metallic interlayerS17. In that case, a normal state resonance is narrow in
energy, its width given by γh¯vF/L, where γ is the angle averaged single barrier transparency.
As a consequence, the transport is carried only by modes at angles very close to resonant
conditions.
In the present case of rather transparent interfaces (no intentional tunnel barriers), one
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can expect the normal state resonances to be much broader, both in energy and in angle.
Because of the topological protection against back-scattering due to the spin-momentum
locking in topological insulators, Dirac semimetals and Weyl semimetals, the resonances
become even broader. Additionally, a very broad transmission resonance appears perpen-
dicular to the interfaces. These effects can be obtained from the formalism of the previous
section by switching off the superconductivity in the electrodes (taking ∆ = 0) and cal-
culating the total transmission coefficient. We then reproduce the results that have been
obtained for grapheneS18, where the normal state transmission coefficient (D = 1 − |r|2)
through a graphene trilayer was obtained from
r = 2ieiφsin(kxL)
sin(φ)− sin(θ)
e−ikxLcos(φ+ θ) + eikxLcos(φ− θ)− 2isin(kxL) . (S12)
Here, φ = sin−1
[
µint
µel
sin(θ)
]
is determined by the ratio of the Fermi energies in the interlayer
(µint) and electrode (µel). This transmission is the same for all interlayer materials with
(pseudo-) spin-momentum locking, and has been plotted in Fig. S12c for a chemical potential
difference µel = 2µint. In addition to the broad transmission resonance at θ = 0, normal
state resonances appear for every kFLcos(θ) = npi. The transmission peak around the
perpendicular mode is broad because backscattering is suppressed with a factor that scales
with the cosine of the angle.
When we now consider superconducting electrodes, the Andreev bound state spectrum
is calculated as outlined in the previous section. It was described that the perpendicular
Andreev bound state is 4pi periodic, and this still holds also for longer junctions with multiple
normal state resonances. Moving away from the perpendicular direction, a gap is opened
in the Andreev bound state spectrum (Egap) as an avoided level crossing, as shown in Fig.
S12a. However, this gap closes again for every angle that has a normal state resonance (as
was noticed before in the context of 3D topological insulatorsS19), making these Andreev
bound states 4pi periodic again. An example of Egap at a phase difference of pi is given
in Fig. S12b. In Fig. S12c it can be seen that the 4pi Andreev bound states (for which
1− Egap/∆ = 1) occur at the same angles as the normal state resonances.
In order to estimate the ratio of 4pi- and 2pi-periodic bound states in the spectrum one
should realize that 2pi-periodic Andreev bound states with very small gaps cannot be distin-
guished experimentally from 4pi-periodic Andreev bound states if Egap is smaller than other
relevant energy scales such as kBT (giving thermal noise broadening of the levels) or eVbias
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FIG. S12: Transmission resonances and Andreev bound states. a, Calculated energy of
the Andreev bound states as a function of the phase difference across a superconductor - Dirac
semimetal - superconductor Josephson junction. For Andreev bound states in the direction per-
pendicular to the interfaces, the bound states cross E = 0 at a phase difference of pi, resulting
in a 4pi-periodicity. For nonzero values of the parallel momentum, a gap (Egap) is opened in the
bound state spectrum, giving a 2pi-periodicity. b, The energy gap between Andreev bound states
at a phase difference of pi as a function of the angle (θ) between the propagation direction and
the normal to the interface. At angles for which Egap is smaller than other energy scales, such as
temperature (kBT ), the Andreev bound states cannot be distinguished experimentally from 4pi-
periodic bound states (gray area). For this example kFL = 10 and µel = 2µint. Inset: percentage
of angles for which Egap < kBT as a function of the cut-off energy (kBT ). Here, kFL = 157 and
µel = 2µint have been determined from the experimental parameters of the junctions. c, Normal
state transmission resonances (blue line) occur at angles for which kFLcos(θ) = npi. These angles
coincide with the angles for which the Andreev bound states cross zero energy, i.e. Egap = 0, or
1− Egap/∆ = 1 (red line). Here, kFL = 10 and µel = 2µint.
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(providing a probability for Landau-Zener tunneling between Andreev levels across the gap).
In practice, to estimate the observable fraction of the 4pi contribution to the supercurrent,
we can define an energy cut-off, e.g. kBT , as shown by the gray area in Fig. S12b, and
count the fraction of Andreev bound states with Egap < kBT . Because of the broad normal
state transmission resonances of topological systems (especially for the forward direction),
this fraction can be quite large. It is not always possible to increase temperature to enhance
the relative 4pi contribution because the critical current strongly decays with temperature,
which limits the observability of the 4pi contribution in itself.
For the Dirac semimetal Josephson junctions under discussion in the main text we can
make an estimation of the number of transmission resonances by taking EF = 16 meV in
the interlayer. Since E2 = (h¯vxkx)
2 + (h¯vyky)
2 + (h¯vzkz)
2, we obtain a maximal kmaxx =
EF
h¯vx
= 3.2×108 m−1 for vx = 8×104 m/s. The number of resonances, kmaxx Lpi is then about 50
for a junction length of 500 nm. Note, that we treat the transverse momenta ky and kz as
continuous, whereas these are quantized in practice due to quantum confinement. However,
the number of modes in the y-direction can be estimated for a width of 3 µm and vy = 10
6
m/s as
kmaxy W
pi
= 25, which is still reasonably large. For these parameters, the observable
fraction of 4pi Andreev bound states is depicted in the inset of Fig. S12b as a function of
the measurement temperature. In order to match the experimentally observed fraction of
about 20%, kBT/∆ needs to be about 0.03. For a proximity induced ∆ of about 0.5 meV,
this would correspond to a temperature of about 0.17 K. This seems to be somewhat larger
than the actual measurement temperature, but one should take into account that this is
only a qualitative estimate with quite some uncertainty in the values of the parameters. For
example, for a ratio of the chemical potentials closer to unity, 20% of 4pi contribution would
be reached at lower temperatures already.
I. Field dependence of the critical current
In Fig. S13 we show the magnetic field dependence of the critical current. For the out-
of-plane field direction, the critical current modulation resembles the so-called Fraunhofer
pattern, in which the critical current amplitude oscillates as a sinc function with perpen-
dicular field strength. The measured period of Ic of ∆B = 857 µT corresponds to an area
A = Φ0/∆B = 2.33 µm
2. This area is about 1.5 times larger than the actual area of the
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FIG. S13: Critical current modulation by magnetic field For an out-of-plane magnetic fieldS7,
the critical current of the Josephson junctions are modulated in a Fraunhofer-type fashion. For
an in-plane magnetic field (blue trace) the critical current modulation is qualitatively different,
ruling out an out-of-plane field component as the cause of the modulation for parallel field. The
dependencies are shown for a 800 nm long junction, the same junction for which the parallel field
dependence is shown in the main paper in Fig. 4. In order to compare the dependencies (e.g. the
positions of the minima), the magnetic field scale of the parallel orientation has been normalized
to let the first minimum coincide, indicated by the blue dashed line.
junction, which can be attributed to the penetration depth of the Nb electrodes. For a
magnetic field applied parallel to the junction (and parallel to the current direction), the
modulation of the critical field is qualitatively different. This can be seen in Fig. S13,
where the magnetic field scale of the parallel applied field is normalized so that the first
minimum in the critical current coincides with that for the perpendicular field. The qualita-
tive difference shows that the in-plane magnetic field dependence cannot be explained as a
Fraunhofer dependence coming from a small out-of-plane component of the magnetic field.
Rather, as is shown by the fit in the main text of the paper, the in-plane field dependence
of the critical current can be explained by a shift of the bulk electron Fermi surface, leading
to a finite momentum of the Cooper pairs. The scale of the decay and the oscillation period
in magnetic field in this case are relatedS10 and can be used to determine the elastic mean
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free path for the 800 nm junctions that are on the border between ballistic and diffusive.
When looking at Fig. 5 of Ref. S10, it can be seen that both the oscillation period and the
decay length are proportional to ξH =
h¯vF
gµBB
(as we also observe in our measurement) when
the mean free path and the coherence length are of the same order of magnitude.
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